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ABSTRACT 
We measure the degree of spontaneous imbibition, remaining water saturation and the remaining oil saturation as a 
function of pore volumes of water injected for Estaillades cores aged in different organic acids, to reproduce mixed-wet 
behaviour. The experimental work in this study measures the remaining oil saturation (ROS) during waterflooding & 
remaining water saturation (RWS) during oil injection and the oil saturation reached after spontaneous imbibition.  
The experimental flow apparatus used in investigating the effect of wettability alteration agents were Hassler cell 
and Amott cell. The results from the two experimental flow apparatus in tandem with the saturation equations and Amott 
equations led to analysing and establishing conclusions on findings.    
We observe that the wettability alteration is not that strong, since none of the cores imbibe oil. Oil volume produced 
from spontaneous imbibition using the wettability alteration agents exhibited the trend: cyclohexanecarboxylic acid > 
cyclohexanebutyric acid > cyclohexanepropionic acid > cyclohexanepentanoic acid. However, the reverse is the case for oil 
volume produced from waterflooding. This agrees with this experimental work by Wu et al., (2006) that the stronger acids of 
higher formula weight yield better oil recovery during waterflooding compared with the weaker acids. 
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Abstract 
We measure the degree of spontaneous imbibition, remaining water saturation and the remaining oil saturation as a 
function of pore volumes of water injected for Estaillades cores aged in different organic acids, to reproduce mixed-wet 
behaviour. The experimental work in this study measures the remaining oil saturation (ROS) during waterflooding & 
remaining water saturation (RWS) during oil injection and the oil saturation reached after spontaneous imbibition.  
The experimental flow apparatus used in investigating the effect of wettability alteration agents were Hassler cell and 
Amott cell. The results from the two experimental flow apparatus in tandem with the saturation equations and Amott equations 
led to analysing and establishing conclusions on findings.    
We observe that the wettability alteration is not that strong, since none of the cores imbibe oil. Oil volume produced 
from spontaneous imbibition using the wettability alteration agents exhibited the trend: cyclohexanecarboxylic acid > 
cyclohexanebutyric acid > cyclohexanepropionic acid > cyclohexanepentanoic acid. However, the reverse is the case for oil 
volume produced from waterflooding. This agrees with this experimental work by Wu et al., (2006) that the stronger acids of 
higher formula weight yield better oil recovery during waterflooding compared with the weaker acids. 
Introduction 
Wettability is defined as the ‘tendency of one fluid to spread on or adhere to a solid surface in the presence of other 
immiscible fluids. In a rock/oil/brine system, wettability is a measure of the preference that the rock has for either the oil or 
water. When the rock is water-wet, there is a tendency for water to occupy the small pores and contact the majority of rock 
surface. Similarly, for oil-wet systems, the rock is preferentially in contact with the oil; the location of the two fluids is 
reversed from the water-wet case and oil will occupy the small pores and contact the majority of the rock surface. It is 
important to note, however, that the term wettability is used for the wetting preference of the rock and does not necessarily 
refer to the fluid that is in contact with the rock at any given time (Anderson, 1986).  
Understanding trapping mechanisms is important for applications in enhanced oil recovery (EOR) and investigating 
carbon capture and storage (CCS). The design objective of EOR process is for the least possible amount of residual oil to be 
found, while the reverse is the case for CCS, as the aim is to maximize the amount of CO2 trapped by the host brine. This paper 
will study mixed-wet media, which are thought to comprise at least 60% of the world’s oil reservoirs (Anderson, 1986).  
A rock is termed mixed-wet, as water-wet and oil-wet fractions are contained within the rock. After primary oil 
flooding, larger pores occupied by oil may change their wettability, while smaller water-filled sections of the pore space 
remain water-wet. The adsorption of surface-active agents in the oil, such as asphaltene, to the pore surface in direct contact 
with the oil causes wettability alteration. The ability of mixed-wet rock to imbibe both oil and water is an important 
characteristic (Behbahani and Blunt, 2004).  
Mixed-wet conditions are replicated in the laboratory through core static and dynamic aging methods, with use of 
naphthenic acids for adsorption on carbonate cores from n- decane at room temperature (Wu et al., 2006; Fernø et al., 2010).  
Imperial College 
London 
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Fig .1— (a.) Oil-wet calcite in powder floatation tests (v/v) vs. eq. concentration (M) of naphthenic acid (b.) Adsorption on calcite in n-
Decane solution (Y. Wu et al., 2006).  
Fig .1a shows the oil-wet volume percentage of calcite powder floating on water, the oil-wettability of calcite powder treated 
with different naphthenic acids with the aim of altering the wettability of the calcite surface, is in the order: 
cyclohexanepentanoic acid > cyclohexanebutyric acid > cyclohexanepropionic acid > cyclohexanecarboxylic acid. The trend is 
almost in the reverse order of adsorption on calcite surface as shown in Fig .1b; which indicates the ability to alter calcite 
surface to become oil-wet, is not related directly to the adsorption on a calcite surface, but depends on their molecular 
structures. (Wu et al., 2006).  
Pore structure and wettability are two of the main factors affecting capillary trapping. Experimental and pore-scale 
modelling studies have found a monotonic increase of residual non-wetting phase saturation, Snwr, with the initial non-wetting 
phase saturation, Snwi in a water-wet medium (El-Maghraby and Blunt, 2013; Land, 1968; Spiteri et al., 2008).  
However, mixed-wet systems have received relatively little attention. Salathiel (1973) demonstrated that in mixed-wet 
sandstone, the remaining oil saturation was a function of the pore volumes of water injected. It was shown that even after 
injecting five pore volumes; the oil saturation continues to decrease below 10%.  
Wettability controls the location, flow behaviour and distribution of the fluids, so wettability will affect almost all 
types of special core analysis, SCAL, including capillary pressure, relative permeability and electrical properties, as well as the 
waterflood behaviour and tertiary recovery. If the wetting state of the reservoir has changed, so it is no longer strongly water-
wet, then it is essential that experiments are performed with native-state or wettability restored cores, representative crude oil 
and brine, and at reservoir conditions of temperature and pressure. Such conditions, if properly implemented (which may not 
be easy), ensure the core experiments reproduce the wettability of the reservoir. For example, consider a clean sandstone core 
that is saturated with refined oil. Even though the rock surface is coated with oil, the sandstone core is still preferentially water-
wet. This wetting preference can be demonstrated by allowing water to imbibe into the core.  The water will displace the oil 
from the rock surface, indicating that the rock surface prefers to be in contact with water rather than oil. Similarly, a core 
saturated with water is oil-wet if oil will imbibe into the core and displace water from the rock surface. Depending on the 
specific interactions of rock, oil and brine, the wettability of a system can range from strongly water-wet to strongly oil-wet.  
The underlying reason for the slow recovery after breakthrough in mixed-wet media is that oil flow through connected 
layers with low conductance leads to very low oil saturations. This contrast with water-wet media, where the oil as non-wetting 
phase disconnects and gets immobilized and the residual saturation can be achieved instantly at or near water breakthrough 
(Anderson, 1987). In this paper we present an experimental study of capillary trapping under both water-wet and mixed-wet 
conditions for Estaillades carbonate rocks under the influence of different organic acids, extending and modifying the work of 
Tanino and Blunt (2013) on Indiana limestone.  
Background 
Laboratory measurements of the remaining oil (nonwetting – nonaqueous phase) saturation in its original, water-wet 
state and under mixed conditions in Indiana limestone, with nonwetting phase as oil, and wetting phase as brine was 
investigated by Tanino and Blunt. The porous plate technique was used to establish the full range Snwi. Mixed-wet conditions 
were established using a solution of 1.5wt. % cyclohexanepentanoic acid in n-decane as the nonwetting phase, previously 
known to render calcite less water-wetting at room temperature (Tanino and Blunt, 2013). 
The trapping of a non-wetting phase in a porous medium as discontinuous pore-scale clusters by capillary forces, or 
capillary trapping, has been studied extensively because of its importance to groundwater remediation and enhanced oil 
recovery. In these applications, the goal is to maximize extraction of the trapped liquid. In contrast, in the context of geological 
carbon storage, the goal is to maximize trapping. Here, carbon dioxide (CO2) is injected into a target geological formation, 
forming a continuous plume. As the injected CO2 is driven upward by buoyancy, ambient groundwater will flow into its wake 
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to replace it. This replacement of CO2 by groundwater behind the rising CO2 plume is an imbibition process. Accordingly, a 
portion of the migrating CO2 will be rendered immobile within the pores of the rock by capillary forces, and will no longer be 
at risk of leakage to the atmosphere (Juanes et al., 2006; Qi et al. 2009). Capillary trapping is controlled primarily by the pore 
structure, rock-fluid interaction, and the flow. 
This paper proceeds by describing the experimental apparatus and procedures employed to measure the remaining oil 
saturation for mixed-wet scenario and residual oil saturation for water-wet scenario, using similar methodology performed by 
Tanino and Blunt (2013). Nonwetting phase saturation in mixed-wet system during waterflooding is termed as remaining 
saturation, to differentiate it from the asymptotic residual state in which the nonwetting phase is fully disconnected as in the 
case of water-wet system (Tanino and Blunt, 2013).   
The experimental work in this study involves measuring the remaining oil saturation (ROS) during waterflooding & 
remaining water saturation (RWS) during oil injection and the oil saturation reached after spontaneous imbibition. The ROS is 
measured from the primary drainage, volume of oil given out (amount of water imbibed) after spontaneous imbibition, and 
volume of oil produced from waterflooding. The oil saturation after spontaneous imbibition is measured from the primary 
drainage, volume of oil given out (amount of water imbibed) after spontaneous imbibition. ROS is measured only in mixed-wet 
scenario for water index (where water spontaneously imbibes) & remaining oil saturation after waterflooding; and oil index 
(where organic acids spontaneously imbibe).  
Under mixed-wet scenario, it has been shown that waterflooding continues to produce oil after several pore volumes 
injected. This is attributed to the oil remaining connected within the rock in the form of layers in corners and roughness of the 
grains even at low saturations (Tanino and Blunt, 2013).  
Experimental Methodology and Equipment 
The unsteady-state core analysis experiment we perform for coreflooding, involves displacement of a fluid by another fluid 
within the core sample which is confined in a Hassler-type core holder; during drainage, this will be water by a non-wetting 
phase such as different organic acids, and during imbibition this will be of different organic acids by water. The core is loaded 
into the Hassler cell core-holder at the appropriate initial saturation for drainage (Sw = 1) or waterflooding (Sw=Swirr), and the 
displacing phase is injected into the inlet end, with production of fluid(s) at the outlet end. During the experiment, it is 
sufficient to monitor the cumulative volume of the displacing and displaced fluids as function of time from the pumps with the 
stored fluid(s).  
 
Fig .2— Schematic of the Hassler cell experimental flow set up showing waterflooding irrespective of the injection fluid. 
Fig.2 shows a schematic illustration of the experimental apparatus used to conduct the apparatus experiments which measure 
the production of fluid from fluid displacement in cores. The overall experimental flow apparatus for waterflooding and 
spontaneous imbibition, consists of a Hassler cell core holder, high precision syringe pump (Teledyne Pump 1000D), mass 
balance (Denver instrument model S-6002), effluent, retort stands and clamps organic acid wettability alteration agent fluids 
were used at ambient conditions. The non-wetting phase for the oil index system was n-decane and different organic acids 
shown in Table 1as its density is similar to that of CO2 at reservoir conditions, In both water and oil indices systems 
experiments, brine (de-ionized water with 5 weight % sodium chloride, and 1 weight % potassium chloride) was the wetting 
phase.  Rock core samples were weighed after each process. 
 
 
 
 
 
Hassler cell 
core holder 
Inlet Pressure 
Sensor 
Outlet Pressure 
Sensor 
Confining Pressure 
Sensor 
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Hassler cell Description 
The Hassler cell flow experiments as shown in Fig .2 consists of inserting a dry core sample into the core holder of 
the Hassler cell and sealing up after insertion. The confining pressure P3 is set after pressuring with Hassler cell with air. 
Depending on the experimental process required, the injected displacing fluid is controlled from the inlet valves with a 
monitoring inlet pressure P1 and the displaced fluid is collected in the calibrated effluent beaker via the outlet valves with a 
monitoring outlet pressure P2. Injected fluid is stored in a 1000ml capacity pump and the core sample is removed from the 
Hassler cell after experiments. The outlet and inlet valves are shut, the confining pressure is reduced to zero and the Hassler 
cell core holder is opened with the core sample weighed using a mass balance after each experiment in the Hassler cell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Amott cell Description 
The spontaneous imbibition Amott test consists of placing an oil saturated core sample in an Amott cell which is filled 
up with brine for a period of time as shown in Fig .3b. The oil expelled from the core spontaneously can be measured 
accurately by reading the graduation on top of the cell. Inversely, the spontaneous drainage Amott test consists of immersing a 
brine saturated core sample into an Amott cell which is filled up with oil as shown in Fig .3a. The brine expelled from the core 
spontaneously can also be determined by reading the graduation on the top of the cell. The Amott cell includes a sealed glass 
cell for the core sample and a graduation tube to measure the volume of fluid expelled from the core.  
For the water wet scenario, two experiments from two different rock core samples were executed, with each 
experiment undergoing water index and oil index stages. Pure n-decane was injected as the non-wetting phase for the oil index 
system, into the core housed in the Hassler cell in a horizontal position. Brine was injected at a rate of 0.1 ml/min during 
waterflooding, to establish the remaining oil saturation during oil in this water wet scenario. Experiments on the two rock core 
samples executed produced measurements for initial oil saturation, Soi and residual oil saturation Sor sequentially; while 
accounting for the dead volume. The initial oil saturation Soi was obtained from pore volume and primary oil drainage and 
residual oil saturation Sor, from the same properties but with volume of oil after spontaneous imbibition included as shown in 
the saturation equations. 
 
Cores.  
We use Estaillades carbonate rock from France, in our study, which is an upper Cretaceous bioclastic limestone, containing 
99% calcite (CaCO3) and traces of dolomite and silica. The porosity, , measured on different cores from the same block 
ranges from 27-28% and permeability, k, from 170-330 mD. The 10 cylindrical rock core samples, used, were of 37.74±0.11 
mm in diameter and 76.24 ± 0.19 mm in length.  
 
 
Core and Brine Preparation.  
We measure the porosity and permeability of the core, using a Poroperm device from VINCI Technologies which are 
dependent on Boyle’s law and Darcy’s law for the respective aforementioned properties. Vernier caliper measurements are 
derived from the core diameter and length properties. Nitrogen is used during measurement of the permeability in the 
Poroperm device, to correct for the Klinkenberg effect. For the brine preparation, we use 5 wt. % of Sodium Chloride (NaCl) 
and 1 wt. % Potassium Chloride (KCl) with a molality of 1.05 molkg
-1
, for a target volume of 3 litres which corresponds to 
approximately 3kg; while the remaining mass is filled with de-ionized water. In addition, smaller samples of the carbonate rock 
are added, to the mixing of the brine in order to ensure chemical equilibrium is achieved, between the brine and rock, while 
eliminating any further reaction with the rock. The core is inserted into a Hassler cell with a cylindrical confining pressure and 
 
 
 
 
Amott 
cell 
Gradation 
Retort  
stand 
Fig .3— Schematic of the Amott cell experimental flow set showing spontaneous imbibition. (a.) Oil index (b.) Water index 
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we vacuum for overnight. In parallel, we insert the brine into a vacuum chamber and we vacuum overnight. We also vacuum 
saturate the porous plate. The filtered, vacuumed, brine is stored in the designated pump and vacuumed.  
 
Water-wet scenario  
Brine Saturation of Cores: 
We insert the core into the Hassler cell and set the confining pressure with nitrogen, to be at least, 3 times higher than the inlet 
pressure, after the core Hassler cell has been sealed (made air tight). We inject 5 PV of degassed brine at a constant flow rate of 
1.0 ml/min and shut the outlet valve of the Hassler cell. Then, with the outlet valve shut, we inject at a constant pressure of 60 
Pa and shut the inlet valve, to ensure the core is fully saturated for 10 -15 minutes.  
 
Primary Drainage.  
We inject n-decane (non-wetting phase) at a rate of 0.1 ml/min, to establish the initial oil saturation, Snwi, via measurement of 
volume of water from pore volume in effluent. Due to the changing fluids, between brine saturation and primary drainage 
processes, dead volume measurements are performed to account for residual fluids left in the pipes. This is achieved by 
flushing out the brine with n-decane at the inlet, whilst ensure the outlet pipe is empty, prior to starting the primary drainage 
process. 
 
Spontaneous Water Imbibition.  
We reduce the pore and confining pressures to zero. We remove the core and weigh it and then insert it into a custom-made 
Amott cell, see Fig.3 and submerged in brine. We monitor the spontaneous water imbibition until no further n-decane is 
produced at the top of the cell. Then we take the core out, weigh it and re-insert the core in the core holder for waterflooding. 
 
Waterflooding (Forced Water Injection).  
After extracting the core from the Amott cell shown in Fig .23, we insert the core again into the Hassler cell and apply 
confining pressure. We inject 5 PV of degassed brine until we reach the remaining oil saturation Snwr. We inject at a constant 
flow rate is 0.1 ml/min while monitoring the amount of n-decane produced from each PV. 
 
Mixed-Wet Scenario 
In order to alter the wettability of the rock to a mixed-wet state at ambient conditions, we add 1.5wt% of different organic 
acids: cyclohexanepropionic, cyclohexanecarboxylic, cyclohexanebutyric and cyclohexanepentanoic acid in n-decane. This 
approach has proven (Wu et al., 2006) to be a quick and efficient way, known to tilt the wettability towards a more oil-wet 
state. The procedure of the mixed-wet core flooding experiments is exactly the same as the water-wet experiments discussed 
above; however, we inject n-decane with 1.5wt% the different organic acids, place the altered core in the Amott cell for 
duration of 2days and we then waterflood with 4 PV of brine. The waterflood starts at 0.1ml/min for all PV for the Estaillades 
samples.  
 
Table 1—Organic acid wettability alteration molecular structure and fluid properties at ambient conditions of 0.101 MPa and 293.15K   
(Wu et al., 2006) 
 
Naphthenic Acids Molecular 
Structure 
Formular 
Weight  
(F.W.) 
m.p.  
(°C) 
b.p.  
(°C) 
Weight 
Percentage 
(%) 
n- decane 
Weight 
Percentage 
(%) 
Cyclohexanecarboxylic Acid 
 
128.17 31 232 1.5 98.5 
Cyclohexanepropionic Acid 
 
156.23 15 276 1.5 98.5 
Cyclohexanebutyric Acid 
 
170.25 31 >110 1.5 98.5 
Cyclohexanepentanoic Acid 
 
184.28 16 126 1.5 98.5 
 
Table 1 and Table 2 shows the properties of naphthenic acids and density property for fluids used during analysis of 
wettability alteration agents. The naphthenic acids alter the wettability of the carbonate cores through use of 1.5 wt.%  of 
corresponding naphthenic acid solution in n-decane as the nonwetting phases, during oil flooding and imbibition processes in 
mixed-wet scenario. It is expected from Fig .1 that the ability of the naphthenic acids to alter wettability increases, as the 
formula weight of the naphthenic acid increases as shown in Table 1 i.e. cyclohexanepentanoic acid > cyclohexanebutyric acid 
> cyclohexanepropionic acid > cyclohexanecarboxylic acid. 
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Table 2— Fluid density property.  
Property Value 
Brine Density (kg/m
3
) 1041  
N-decane Density (kg/m
3
) 729  
For the mixed wet scenario, eight different rock core samples were experimented on with each of them having Soi and 
remaining oil saturation measurements. The difference between this scenario and the previous one, is the use of the different 
organic acids listed in Tab.1 above, to establish initial oil saturation, Soi, and as non-wetting phase fluid for injection and 
spontaneous imbibition during the oil index process for determination of residual oil saturation, Sor.  In these experiments, 
during change of organic acids, the injection pump was cleaned and vacuumed. The spontaneous imbibition process 
experiments were for 2 days to ensure displaced fluids moved to the top end of the Amott cell. However, during the oil index, 
the Amott cells were inverted when clamped on the retort stand to allow brine movement to the top, due to density differences 
between miscible fluids.   
 
Saturation Equations:  
 
Pore volume:  
            𝑃𝑉 =  𝜋𝑟2𝐿               (1) 
 
where PV  is the core pore volume (mm3), r is the core radius (mm), L is the core length (mm),is the porosity of core. 
 
 
Initial oil saturation: 
                         𝑆𝑜𝑖 =  
𝑃𝑉
𝑉𝑜𝐷
,                       (2) 
 
where  Soi is the initial oil saturation and 𝑉𝑜𝐷 is drainage volume which is a function of the dead volume and water 
component from 1 PV.  
 
 
Oil Saturation after spontaneous imbibition:  
                    𝑆𝑠𝑜𝑠𝑖 =  
𝑉𝑜𝐷−𝑉𝑠𝑝𝑜
𝑃𝑉
,              (3) 
 
where  Ssosi is the oil saturation after spontaneous imbibition and Vspo  is the oil volume after spontaneous imbibition. 
 
 
Residual oil saturation /Remaining oil saturation:    
                                 𝑅𝑂𝑆 = 𝑆𝑜𝑟 =  
𝑉𝑜𝐷−𝑉𝑠𝑝𝑜− 𝑉𝑜𝑤𝑓
𝑃𝑉
,                           (4) 
 
where  Sor is the residual oil saturation for water-wet scenario, ROS is the remaining oil saturation for mixed-wet 
scenario, where  Ssosi is the oil saturation after spontaneous imbibition and Vspo  is the oil volume after spontaneous 
imbibition  and  Vowf  is the oil volume from waterflooding after 4 PV. 
 
 
Water Saturation after spontaneous imbibition:  
                                                                                                     𝑆𝑠𝑝𝑤 = 𝑆𝑠𝑤𝑠𝑖 =  1 − 𝑆𝑠𝑜𝑠𝑖 ,               (5) 
 
where  Sswsi is the water saturation after spontaneous imbibition, and is dependent on the oil saturation after spontaneous 
imbibition. 
 
 
Oil Saturation from oil injection:  
      𝑆𝑜𝑖𝑛𝑗 =  
𝑉𝑜𝐷−𝑉𝑠𝑝𝑜− 𝑉𝑜𝑤𝑓+ 𝑉𝑤𝑜𝑓
𝑃𝑉
,                   (6) 
 
where  Soinj is the oil saturation after oil injection ,  Vspo  is the oil volume after spontaneous imbibition Vowf  is the oil 
volume from waterflooding after 4 PV and  Vwof is the volume of water from oil injection after several PV. . 
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Irreducible water saturation: 
      𝑆𝑐𝑤 =  1 − 𝑆𝑜𝑖 ,                                   (7) 
 
 
Amott Equations:  
 
Amott-water index: 
                                           𝐼𝑊 =  
𝑆𝑠𝑝𝑤−𝑆𝑐𝑤
1−𝑆𝑐𝑤−𝑆𝑜𝑟
,                          (8) 
 
where 𝑆𝑠𝑝𝑤 is the water saturation for a zero capillary pressure during the imbibition process, 𝑆𝑐𝑤  is the irreducible water 
saturation and 𝑆𝑜𝑟  is the residual oil saturation after imbibition. 
 
 
Amott-oil index: 
                𝐼𝑜 =  
𝑆𝑠𝑝𝑜−𝑆𝑜𝑟
1−𝑆𝑐𝑤−𝑆𝑜𝑟
,                                        (9) 
 
𝑆𝑠𝑝𝑜 is the oil saturation for a zero capillary pressure during the secondary drainage process, 𝑆𝑐𝑤  is the irreducible water 
saturation and 𝑆𝑜𝑟  is the residual non-wetting phase saturation after imbibition. 
 
The saturation equations shown above are used in analysing the effect of wettability alteration agents on core samples. During 
these experiments, key parameters such as oil and water volumes produced after spontaneous imbibition & core flooding 
processes were vital in establishing the Amott indices for water and oil scenarios. The effects of primary drainage volume and 
heterogeneity (porosity and permeability) on data were visible from results produced for oil saturation, within the each 
wettability alteration agent category. Differences in fluid density between brine and the organic acids contributed to variation 
in results for Amott-water and Amott oil-indices, in tandem with the aforementioned influential properties 
 
Water Wet Scenario: 
1. Measure the dry mass, length and diameter of the core sample.  
2. Insert rock core sample into Hassler cell shown in Fig .2 and lock. 
3. Set confining pressure, saturate core sample with brine at a constant injection rate of 0.1 ml/min. 
4. Shut outlet valve after obtaining 5 PV of brine and inject brine at constant pressure of 60 Pa. 
5. Shut inlet valve after reaching 60 Pa for a period of 10 – 15 minutes. 
6. Change injection fluid while accounting for dead volume at the inlet valve via flushing out previous fluid. 
7. Inject n-decane (new fluid for primary drainage) to establish initial oil saturation Soi from measuring water from 1 
PV 
8. Take out core sample from Hassler cell and weigh, then insert core sample into custom-made Amott cell 
submerged in brine while accounting for volume of oil displaced.  
9. Take out core sample from Amott cell and weigh. Then, re-insert core sample into Hassler cell and inject with 
brine (secondary imbibition) to reach Sor while accounting for dead volume. 
10. Take out core sample and weight after reaching no volume of oil is produced, then insert into custom-made Amott 
cell submerged in n-decane, inverting the cell on the retort stand while accounting for volume of water displaced. 
11. Take out core sample from amott cell and weigh. Re-insert core sample into Hassler cell and inject with n-decane, 
(secondary imbibition) until no water is produced visible in the effluent, while accounting for dead volume. 
12. Take out core sample from Hassler cell and weigh.   
13. Determine the initial saturation (Soi), residual saturation (Sor) Amott-water (Iw) and Amott-oil (Io) index from 
Amott equations and saturation equations. 
Mixed Wet Scenario: 
1. Repeat steps 1 to 6 in the water wet scenario, experimental procedure. 
2. Inject the desired organic acid(new fluid for primary drainage) to establish initial oil saturation Soi from measuring 
water from 1 PV 
3. Take out core sample from Hassler cell and weigh, then insert core sample into custom-made Amott cell 
submerged in brine while accounting for volume of oil displaced.  
4. Take out core sample from Amott cell and weigh. Then, re-insert core sample into Hassler cell and inject with 
brine (secondary imbibition) to reach remaining oil saturation (ROS) while accounting for dead volume. 
5. Take out core sample and weight after reaching no volume of oil is produced, then insert into custom-made Amott 
cell submerged in desired organic acid, inverting the cell on the retort stand while accounting for volume of water 
displaced. 
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6. Take out core sample from Amott cell and weigh. Re-insert core sample into Hassler cell and inject with desired 
organic acid, (secondary imbibition) until no water is produced visible in the effluent, while accounting for dead 
volume. 
7. Take out core sample from Hassler cell and weigh.   
8. Determine the initial saturation (Soi), remaining oil saturation (ROS) Amott-water (Iw) and Amott-oil (Io) index 
from Amott equations and saturation equations. 
Results and Discussion 
During the experiments, key parameters were evaluated during investigation of capillary trapping in carbonate cores aged in 
organic acid. Parameters such as Amott-water index, Amott-oil index, remaining oil saturation for mixed-wet media, residual 
oil saturation for water-wet media and initial oil saturation for both water-wet and mixed-wet media formed the focal point of 
this experimental study. Wettability alteration was assessed from oil recovery from mixed-wet core samples during flooding 
and oil imbibed during spontaneous imbibition. Organic acids were used as wettability alteration agents during experimental 
investigation of capillary trapping. This was achieved through aging carbonate cores (Estaillades) in different organic acids and 
performing imbibition and flooding experiments.  
The remaining oil saturation (ROS) and remaining water saturation (RWS) are plotted as a function of the initial oil 
saturation for the mixed-wet scenario, and the residual oil saturation is plotted as a function of the initial oil saturation for the 
water-wet scenario. 
The ROS is measured from the primary drainage, volume of oil given out (amount of water imbibed) after 
spontaneous imbibition, and volume of oil produced from waterflooding. The oil saturation after spontaneous imbibition is 
measured from the primary drainage, volume of oil given out (amount of water imbibed) after spontaneous imbibition. ROS 
and RWS are measured only in mixed-wet scenario for water index (where water spontaneously imbibes) & remaining oil 
saturation after waterflooding; and oil index (where naphthenic acids / n-decane spontaneously imbibe). Core labels in the form 
of ‘EST’ denoting ‘Estaillades’ were used in this experimental study aided in tagging the rock core samples with their 
corresponding results during computation from the saturation equations. Consistent colour coding for the data plots were used 
to ensure easy identification and observation of the distinct parameters.  
 
Water-wet scenario: 
In the water-wet scenario, the volume of oil produced from imbibition is higher than volume of oil recovered as shown in 
Table 3 during waterflooding. This indicates that there is more trapping in water-wet scenario compared with mixed-wet 
scenario, as recovery is low but with high saturation as shown in trapping curve plot (Fig .4); highlighting the residual oil 
saturation 
plotted 
against 
the initial 
oil 
saturation 
for water-
wet 
media. 
 
 
 
 
 
 
 
 
 
 
  
Fig .4— Trapping Curves—the residual oil saturation as a function of initial oil saturation for water-wet media using n-decane 
nonwetting phase during spontaneous imbibition and coreflooding. 
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Table 3— Water-wet scenario properties and results for core samples used from experimental study.  
Core 
Label 
Non-
wetting  
phase 
Initial oil 
saturation 
(Soi ) 
 
   
Oil saturation after 
spontaneous 
imbibition 
Residual   
oil 
saturation 
K  
(×10
-13 
m
2
) 
Oil Volume 
produced 
from 
Spontaneous 
Imbibition 
Oil Volume 
produced 
from  
Waterflooding 
   
EST 
109  n- 
decane 
0.68 26.67 2.96 2.20 0.50 0.58 0.56 
EST 
118 0.52 29.77 2.41 3.00 2.00 0.40 0.33 
 
  
Fig .5— Residual oil saturation as a function of the number of pore volumes injected.  
Fig .5 shows the residual oil saturation as a function of number of pore volumes injected. It simply highlights that most of the 
fluid is extracted from flooding in the first pore volume. This indicates the nonwetting phase (n-decane) attains a residual state 
and is fully disconnected within the core samples along the grain surface. This is different from the mixed-wet scenario where 
there is continuous extraction of oil even after several pore volumes.  
 
Mixed wet scenario: 
Cumulative volume of fluids produced, represented as the ROS & RWS, plotted against pore volumes injected for the 
mixed-wet media.The ROS is measured from the primary drainage, volume of oil given out (amount of water imbibed) after 
spontaneous imbibition, and volume of oil produced from waterflooding. The oil saturation after spontaneous imbibition is 
measured from the primary drainage, volume of oil given out (amount of water imbibed) after spontaneous imbibition.  
ROS is measured only in mixed-wet scenario for water index (where water spontaneously imbibes) & remaining oil 
saturation after waterflooding. The RWS is measured for oil index (where organic acids spontaneously imbibe) during oil 
injection.  
It can be observed that where water spontaneous imbibes during waterflooding (water index), higher remaining oil 
saturations is attained for the different organic acids as shown in trapping curve Fig.7, than where organic acids spontaneously 
imbibes during oil injection (oil index) as shown in trapping curve Fig.10. These relatively low remaining oil saturations in oil-
index systems are consistent with high-porosity homogeneous pore space (Jerauld, 1997) where waterflooding at the pore scale 
proceeds uniformly and is controlled by cooperative pore filling with little snap-off and trapping (Valvatne et al. 2004). This 
result shows that in consolidated carbonate rocks, the non-wetting phases (organic acids) readily occupy the smaller pores, 
there is a wider pore size distribution and the non-wetting phase can be trapped in smaller pores filled at high initial 
saturations. (Al-Mansoori et al., 2008).  
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A correlation exists in terms of result representation between ROS/RWS vs Soi plots and F (Soi)/ F (Swi) vs PV plots. 
ROS/RWS vs Soi plots the remaining oil saturation as a function of the initial oil saturation showing the trapping curves from 
experiments. The ROS vs PV plots the remaining oil saturation as a function of the pore volumes injected quantifying time 
taken for most amount of fluid to be extracted from the core samples. 
 
Table 4— Mixed-wet scenario properties and results for core samples used from experimental study. 
Core 
Label 
Naphthenic Acids  
Used 
Initial oil 
saturation 
(Soi ) 
 
 
Oil saturation after 
spontaneous 
imbibition 
Remaining   
oil saturation 
K (×10
-13 
m
2
) 
 
EST 101 
Cyclohexanepropionic Acid 
0.58 27.95 1.79 0.58 0.43 
EST 102 0.51 30.81 1.76 0.51 0.37 
EST 103 
Cyclohexanecarboxylic Acid 
0.57 27.36 1.60 0.48 0.40 
EST 104 0.31 26.10 1.33 0.21 0.18 
EST 105 
Cyclohexanebutyric Acid 
0.35 31.08 1.60 0.35 0.18 
EST 106 0.44 26.64 1.70 0.43 0.25 
EST 107 
Cyclohexanepentanoic Acid 
0.47 30.47 1.83 0.47 0.26 
EST 108 0.57 28.75 1.92 0.57 0.40 
 
Table 4 represents the properties of the core samples and the results from experimental work used in generating Fig .6 below. 
The organic acids used are identified in Table 4 and distinctively denoted by color coded data points on Fig .6. 
The measured remaining and initial oil saturation profiles covered a wide range of oil saturation. The measured initial 
oil saturations were in the range from 50.6% to 58.4% for cyclohexanepropionic acid; 31.3% to 57% for 
cyclohexanecarboxylic acid; 35% to 43.6% for cyclohexanebutyric acid; 47% to 57% for cyclohexanepentanoic acid. This is 
shown in Fig .6 and Fig .7. The measured remaining oil saturation as a function of the initial saturation is shown in Fig .6.  
 
 
 
Fig .6— Trapping Curves—the remaining oil saturation as a function of initial oil saturation for different wettability alteration agents. 
Fig .6— Trapping Curves—the remaining oil saturation as a function of initial oil saturation for different wettability alteration 
agents. shows the summed data points for remaining oil saturation plotted against the initial oil saturation while Fig .6shows 
the cumulative data points for remaining oil saturation against the initial saturation. The above trapping curve replicates that of 
a water-wet curve. The cumulative remaining oil saturation is translated to number of pore volumes injected as shown in Fig 
.8. 
The reason for the range of initial oil saturation is associated with dead volume measurements, which is discussed 
further in the experimental errors section of this report.  
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Fig .7— Trapping Curves—the remaining oil saturation from cumulative waterflooding as a function of initial oil saturation for different 
wettability alteration agents. 
The measured remaining oil saturations from continuous waterflooding for core samples under mixed-wet scenario 
(water index) ranged from 36.5% to 45.8% in cyclohexanepropionic acid; 18.3% to 41.4% in cyclohexanecarboxylic acid; 18% 
to 32.3% in cyclohexanebutyric acid; 25.8% to 40% in cyclohexanepentanoic acid.  
 
  
Fig .8— Remaining oil saturation as a function of the number of pore volumes injected, while accounting for cumulative volume of oil 
produced from waterflooding.  
From Fig.8, the spontaneous water imbibition during waterflooding under mixed-wet scenario provides a steeper 
trend, indicating oil extraction from the cores during waterflooding is rather continuous compared in Fig .9 the trend is 
asymptotic after the second pore volume injected.  
In Fig.8, the remaining oil saturation is measured as a function of pore volumes injected while in Fig.9 the remaining 
water saturation respectively is measured likewise, as a function of the pore volumes injected.  
The experimental data for mixed-wet scenario, matched the (Wu et al., 2006) model, with a decrease in F(Sw) at 
F(Sw) 𝑚𝑎𝑥at the initial pore volume followed by constant F(Sw) after the second pore volume for oil-index system as shown in 
Fig.9. Hence, it can be deduced that, significant amount of water is extracted from the core after oil injection at the initial pore 
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volume for all organic acids. 
Fig .9— Remaining water saturation as a function of the number of pore volumes injected, while accounting for cumulative volume of 
water produced from oil injection during core flooding.  
 
From Fig .10, the measured remaining water saturations from continuous oil injection for core samples under mixed-
wet scenario (oil index) ranged from 33.5% to 37.5% in cyclohexanepropionic acid; 1.3% to 30.72% in cyclohexanecarboxylic 
acid; 25.7% to 35% in cyclohexanebutyric acid; 26.1% to 38.4% in cyclohexanepentanoic acid.  
 
Fig .10— Trapping Curves—the remaining water saturation from cumulative oil injection as a function of initial oil saturation for 
different wettability alteration agents. 
Generally, the volume of oil produced from imbibition is lower than volume of oil recovered during waterflooding as 
shown in Table 3 with the exception of the cyclohexanecarboxylic acid. This indicates that less trapping is observed in mixed-
wet scenario when compared with water-wet scenario, as lower oil saturation and higher recovery is found in mixed-wet 
media, whereas, water-wet media have high saturation but lower recovery as shown in trapping curve plot (Fig .4); 
highlighting the residual oil saturation plotted against the initial oil saturation for water-wet media.  
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For the wettability change, the weaker organic acids such as n- decane and cyclohexanecarboxylic acid exhibit high 
imbibition as shown in Table 3 from volume of oil imbibed while the stronger acids exhibit low imbibition. The weaker 
organic acid such as n –decane and cyclohexanecarboxylic acids yield oil lower recovery from flooding compared with the 
stronger acids such as cyclohexanepropionic, cyclohexanebutyric and cyclohexanepentanoic acids which yield higher oil 
recovery. This implies that the stronger organic acids alter core sample wettability towards oil-wet as recovery of oil from 
waterflooding is high with the exception of cyclohexanecarboxylic acid which has lower recovery from waterflooding but 
exhibits high imbibition. Since the weaker acid - cyclohexanecarboxylic has low oil recovery, the wettability alteration is 
towards water-wet and the Amott-water index confirms this as shown in Table 3. 
 
Table 5— Wettability alteration effect from Amott-water index and Amott-oil index.  
Core Label Naphthenic Acids 
Oil Volume 
produced from 
Spontaneous 
Imbibition 
Oil Volume 
produced from  
Waterflooding 
 
 
Amott-water  
index (Iw) 
Amott-oil 
index (Io) 
K  
10
-13
 
(m
2
) 
EST 101 Cyclohexanepropionic 
Acid 
0.00 3.70 27.95 1.79 0.00 0.00 
EST 102 0.00 3.70 30.81 1.76 0.00 0.00 
EST 103 Cyclohexanecarboxylic 
Acid 
2.10 1.90 27.36 1.60 0.53 0.00 
EST 104 2.20 0.70 26.10 1.33 0.76 0.00 
EST 105 Cyclohexanebutyric 
Acid 
0.10 4.40 31.08 1.60 0.02 0.00 
EST 106 0.10 4.20 26.64 1.70 0.02 0.00 
EST 107 Cyclohexanepentanoic 
Acid 
0.00 5.60 30.47 1.83 0.00 0.00 
EST 108 0.00 4.10 28.75 1.92 0.00 0.00 
 
The naphthenic acids are known to be analogues, indicating that the adsorptions of the naphthenic acids are influenced by the 
alkyl chain length with the exception of cyclohexanecarboxylic acid (Wu et al., 2006). The interaction between alkyl chain of 
naphthenic acid and n-decane molecules have an effect on adsorption, as the longer the alkyl chain, the stronger the interaction 
between acid and solvent molecules which reduces the naphthenic acid adsorption.  
The exception of cyclohexanecarboxylic acid implies that the connectivity of the carboxyl group in its molecules to 
the cyclohexane ring directly, is a steric exclusion which reduces its adsorption (Wu et al., 2006). This agrees with the oil 
volume produced from spontaneous imbibition as the wettability alteration agents exhibited the following trend: 
cyclohexanecarboxylic acid > cyclohexanebutyric acid > cyclohexanepropionic acid > cyclohexanepentanoic acid as shown in 
Table 3.  However, the reverse is the case for oil volume produced from waterflooding. 
The experimental study by Wu et al., (2006) shown in Fig .1, stated the ability of the naphthenic acids to alter calcite 
surface reduces the water-wet profile which is dependent on the molecular structures of the naphthenic acids. Wettability 
alteration of the calcite surface from the used naphthenic acids is experienced more with stronger acids of higher formula 
weight such as cyclohexanebutyric acid and cyclohexanepropionic acid but slightly changes for other naphthenic acids. This 
agrees with this experimental work as the stronger acids of higher formula weight yield better oil recovery during 
waterflooding as shown in Table 3 (Wu et al., 2006). 
The dominant process for spontaneous imbibition is under the influence of capillary pressure. Organic acids used as 
oil enter the carbonate core samples by imbibition controlled by capillary forces and fill the larger pores which require lower 
capillary pressure, and density difference between the brine and the organic aids used as oil, in preventing oil entry into the 
matrix block of the core. Low connectivity between the pore spaces at intermediate saturation in mixed-wet media is linked to 
no imbibition of oil by the carbonate cores as observed in this experimental study (Behbahani and Blunt, 2005). The Amott-oil 
index parameter shown in Table 3 validates the issue of no oil imbibition by carbonate cores.  
The carbonate cores saturated with water, and submerged in organic acids used as oil, will imbibe oil into the smaller 
pores, displacing water in the process. However, in this case, the repulsive forces between the carbonate rocks and the organic 
acids causes the nonwetting phase to occupy the larger pores as lower capillary pressure is required to fill the pores. Since no 
water is present in the larger pores, no water is displaced as the capillary forces give preference to water filling the small pores. 
Hence, the carbonate cores will not imbibe oil during spontaneous imbibition, which occurs during this study. 
The carbonate cores could be assumed to be strongly water-wet prior to oil imbibition as brine was used during water 
spontaneous imbibition and water flooding (forced imbibition) experimental processes. Therefore oil spontaneous imbibition 
does not occur, as the displacement of brine by the organic acids used as oil for the Amott-oil index is zero as shown in Table 
3. 
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Experimental Errors 
The main source of error is the dead volume obtained from the Hassler cell during flow coreflooding experiments. 
This is due to fluid change between brine, n-decane and naphthenic acids during flooding processes which need to be taken 
into consideration. The impact of dead volume has a significant impact on primary drainage of the cores, and subsequently, the 
measured remaining oil saturation and initial oil saturation for all naphthenic acids used.  
Measurements for the remaining oil saturation and initial oil saturation are computed from the primary drainage with 
and without the dead volume, and the standard deviation for the data is computed for all naphthenic acids. Using the end points 
from remaining oil saturation measured after 4PV for the naphthenic acids the associated in the form of dead volume is 
computed using error bars. This gives a range of measurements for remaining oil saturation and initial oil saturation which 
have been accounted for by the dead volume.  
 
Table 6— Dead volume measurements for different Hassler cells.  
Hassler Cell 
Number  
Dead Volume (ml) 
1 3.03 
2 3.71 
3 1.66 
 
Hassler cells 1 and 2 were used during mixed-wet scenario experiments while Hassler cell 3 was used during water-
wet scenario.  The corresponding error measurements in the form of dead volume were applied on primary drainage results 
depending on the Hassler cell used during experiments.  
Table 7— Dead volume effect on initial oil saturation and remaining oil saturation calculations. 
Core Label Naphthenic Acids 
Hassler 
Cell 
Type 
Number 
Soi (with 
dead 
volume) 
Soi (without 
dead 
volume) 
ROS (with 
dead 
volume) 
ROS 
(without 
dead 
volume) 
 
Standard 
Deviation 
± Error Bars 
EST 101 Cyclohexanepropionic 
Acid 
1 0.58 0.71 0.43 0.56 0.09 0.04 
EST 102 2 0.51 0.65 0.37 0.51 0.10 0.05 
EST 103 Cyclohexanecarboxylic 
Acid 
2 0.57 0.73 0.40 0.56 0.11 0.06 
EST 104 2 0.31 0.48 0.18 0.35 0.12 0.06 
EST 105 Cyclohexanebutyric 
Acid 
2 0.35 0.49 0.18 0.32 0.10 0.05 
EST 106 1 0.44 0.57 0.25 0.38 0.09 0.05 
EST 107 Cyclohexanepentanoic 
Acid 
2 0.47 0.62 0.26 0.40 0.10 0.05 
EST 108 1 0.57 0.69 0.40 0.52 0.09 0.04 
 
 
 
Fig  .11— Remaining oil saturation as a function of initial oil saturation, accounting for dead volume errors. 
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Conclusions 
Laboratory measurements of residual non-wetting phase saturation were presented as a function of initial saturation in 
water-wet and mixed-wet core samples. The trend in behavior of organic acids generally correlated to wettability alteration 
agents on calcite surfaces investigated by Wu et al., (2006).  
Generally, in mixed-wet scenario, the volume of oil produced from imbibition is lower than volume of oil recovered 
during waterflooding with the exception of the cyclohexanecarboxylic acid. This indicates that less trapping is observed in 
mixed-wet scenario when compared with water-wet scenario, as lower oil saturation and higher recovery is found in mixed-wet 
media, whereas, water-wet media have high saturation but lower recovery. This oil volume produced from spontaneous 
imbibition using the wettability alteration agents exhibited the trend: cyclohexanecarboxylic acid > cyclohexanebutyric acid > 
cyclohexanepropionic acid > cyclohexanepentanoic acid. However, the reverse is the case for oil volume produced from 
waterflooding. This agrees with this experimental work by Wu et al., (2006) that the stronger acids of higher formula weight 
yield better oil recovery during waterflooding compared with the weaker acids. 
 It is observed that the wettability alteration is not that strong, since none of the cores imbibe oil, which could be 
attributed to the pore connectivity between displacing fluid, initial core wettability, interfacial tension, contact angle and 
density differences between the brine and the organic acids used as oil. 
Improvements on this research for further work will entail use of stronger wettability alteration agent such as crude oil 
to investigate the alteration of calcite surfaces. 
Nomenclature 
𝑽𝒐𝑫   primary drainage oil volume 
𝑺𝒐𝒊𝒏𝒋  Oil saturation after oil injection 
𝑺𝒔𝒐𝒔𝒊  Oil saturation after spontaneous imbibition. 
𝑺𝒔𝒑𝒐  Oil saturation (secondary drainage) 
PV  Pore volume 
𝑺𝒄𝒘   Irreducible water saturation 
𝑰𝒐  Amott-oil index 
ϕ  Porosity 
𝑰𝑾  Amott-water index 
F(Soi)/F(Swi)        Function of oil/water saturation 
CO2  Carbon dioxide 
L  Core length 
r  Core radius 
𝑽𝒘𝒐𝒇  Volume of water from oil injection  
𝑽𝒐𝒘𝒇    Volume of oil from waterflooding 
𝑽𝒔𝒑𝒐  Oil volume after spontaneous imbibition 
 𝑺𝒔𝒘𝒔𝒊/𝑺𝒔𝒑𝒘          Water saturation from 
 spontaneous imbibition 
ROS                     Remaining oil saturation 
RWS                    Remaining water saturation 
𝑺𝒐𝒓                                 Residual oil saturation 𝑺𝒐𝒊                                      Initial oil saturation 
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APPENDIX A – Critical Literature Review 
Table A - 1: Milestones in Capillary Trapping in Carbonate Cores Aged in Organic Acids. 
      Paper   Year Title Authors Contribution 
SPE 28942 
1
9
9
5
 
Capillary Trapping in 
water-wet laminated 
rocks. 
Haung, Y.; 
Ringrose, 
P.S. ; Sorbie 
K.S. 
This study indicated the 
significance of outlining core-
scale heterogeneity in the 
laboratory experiment of 
waterflood behaviour. 
SPE 99612 
2
0
0
6
 
A Study of Wetting 
Behavior and Surfactant 
EOR in Carbonates 
With Model 
Compounds 
Wu, Y.; 
Shuler, P.J. ; 
Blanco, M. 
;Tang, T. ; 
Goddard III, 
W.A. 
Provides insight on application 
of surfactants for enhanced oil 
recovery (EOR) and mechanisms 
responsible for EOR from 
fractured carbonate reservoirs by 
surfactant solutions. 
SPE 133798 
2
0
1
0
 
Capillary Trapping in 
Water-Wet Sandstones: 
Coreflooding 
Experiments and Pore-
Network Modelling 
Pentland, 
C.H.; Tanino, 
Y.; Iglauer, 
S.; Blunt, 
M.J. 
Displacement experiments using 
the porous plate method were 
conducted on water-wet 
sandstones to measure the 
capillary trapping of oil by 
waterflooding as a function of its 
saturation after primary drainage. 
American 
Chemical 
Society Energy 
& Fuels 
Journal, 2010, 
24 (7), pp 
3950–3958 
2
0
1
0
 
Dynamic Laboratory 
Wettability Alteration 
FernØ, M.A.; 
Torsvik, M.; 
Haugland , 
S.; Graue, A. 
Experimented on wettability 
alteration for strongly water-
water  outcrop chalk core plugs 
using a combination of static and 
dynamic aging methods 
XVIII 
International 
Conference on 
Water 
Resources  
CMWR 
2
0
1
0
 
Prediction of Residual 
Oil Saturation in Mixed-
Wet Networks Using 
Accurate Pore Shape 
Descriptors 
Sorbie, K.S.; 
Ryazanov, 
A.V; van 
Dijke, M.I.J.  
Introduced a new model of oil 
trapping in systems of arbitrary 
wettability by incorporating the 
correct physics of oil layer 
existence and collapse. Sor 
decreases with increasing 
average contact angle with a 
more rapid decline for the higher 
oil-wet fraction values and Sor 
decreases with increasing oil-wet 
fraction. 
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SCA2011-37 
2
0
1
1
 
The Structure of 
Residual Oil as a 
Function of Wettability 
Alteration Using Pore-
Scale Network 
Modelling 
Sorbie, K.S.; 
Ryazanov, 
A.V; van 
Dijke, M.I.J.  
Provides insight on the 
qualitative trends in the structure 
of residual oil that are predicted 
as a function of wettability. In 
this paper, pore-scale network 
modelling application of 
waterfloods to make some semi-
quantitative predictions of the 
structure of residual oil in pore 
systems of mixed wettability. 
Water 
Resources 
Research,VOL. 
48, W08525 
2
0
1
2
 
Capillary trapping in 
sandstones and 
carbonates: Dependence 
on pore structure 
Tanino, Y.; 
Blunt, M.J. 
Focused on the residual state 
established by waterflooding at 
low capillary number from 
minimum water saturation 
achieved using the porous plate 
technique, which yields the 
maximum residual under 
strongly water-wet conditions. 
SCA2013-050 
2
0
1
3
 
Measurements of 
remaining oil saturation 
in mixed-wet carbonates 
Al-Ansi, N.; 
Blunt, M.J.  
Presented methodology for study 
of waterflood recovery in 
carbonates, combining a 
reproducible and instant method 
for ambient-condition wettability 
alteration. 
Water 
Resources 
Research, 
VOL. 49, 
4311–4319 
2
0
1
3
 
Laboratory investigation 
of capillary trapping 
under mixed-wet 
conditions 
Tanino, Y.; 
Blunt, M.J. 
Wettability impact on capillary 
trapping was studied explicitly 
by measuring the remaining oil 
saturation established by 
waterflooding in the same rock 
under uniformly water-water and 
under mixed-wet conditions. 
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SPE 28942 (1995) 
Capillary Trapping Mechanisms in Water-wet Laminated Rocks. 
 
Authors: Yaduo Huang, P.S. Ringrose, and K.S. Sorbie. 
 
Contribution to the understanding of capillary trapping in water-wet laminated rocks: 
This study indicated the significance of outlining core-scale heterogeneity in the laboratory experiment of 
waterflood behaviour (Huang, 1995). 
 
Objective of the paper: 
1. To validate the nature and degree of capillary heterogeneity trapping predicted by numerical model. 
2. To present experimental results that can help in evaluating routine measurement of two-phase flow 
behaviour in heterogeneous in core samples (Huang, 1995). 
 
Methodology used: 
Flooding of core slab and computerised tomography scanning to determine maximum oil saturation and 
remaining oil saturation. 
 
Conclusion reached: 
Most oil is trapped in the higher-permeability regions with up to 55% of remaining oil saturation. 
 
Comment: 
Heterogeneity is vital in analysing the effect of capillary trapping. 
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SPE 99612 (2006) 
A Study of Wetting Behavior and Surfactant EOR in Carbonates With Model Compounds 
 
Authors: Y. Wu, P.J. Shuler, M. Blanco, Y. Tang and W.A. Goddard III 
 
Contribution to the understanding reversal of wetting carbonate surfaces from oil-wet to water-wet 
conditions. 
This paper provided insight on application of surfactants for enhanced oil recovery (EOR) and 
mechanisms responsible for EOR from fractured carbonate reservoirs by surfactant solutions. 
 
Objective of the paper:  
To understand application of surfactants for enhanced oil recovery from carbonate reservoirs.  
 
Methodology used: 
The experiment used different naphthenic acids (NA) dissolved in decane as a model oil to render calcite 
surfaces oil-wet. Experiments with different surfactants and NA treated calcite powder provide 
information about mechanisms responsible for sought after reversal to a water-wet state.  
 
Conclusion reached: 
1. The ability of naphthenic acids to alter calcite surface to become oil-wet is not related directly to their 
adsorption on calcite surface, but depends on their molecular structures.  
2. Naphthenic acids which are analogues in terms of molecular structure, indicates that the adsorption of 
NAs decreases with increase of alkyl chain length from 2-CH2- to 4-CH2- groups. Adsorption of 
naphthenic acids on calcite surface in n-decane media is in the order: cyclohexanepropionic acid > 
cyclohexanebutyric acid > cyclohexanepropionic acid.  
 
Comment: 
The experimental set-up used, was in the form of flotation test of wettability alteration by selected 
aforementioned surfactant aqueous solutions. Also, flotation test of calcite powered treated with different 
naphthenic acids. 
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SPE 113798 (2010) 
Capillary Trapping in Water-Wet Sandstones: Coreflooding Experiments and Pore-Network Modelling 
 
Authors:  C.H. Pentland, Y. Tanino, S. Iglauer, and M.J. Blunt. 
Contribution to the understanding of capillary trapping by waterflooding using displacement experiments. 
This paper investigated the capillary trapping of oil by waterflooding as a function of its saturation after 
primary drainage using the porous plate method for displacement experiments on water-wet sandstones. 
 
Objective of the paper: 
To measure the capillary trapping of oil by waterflooding as a function of its saturation after primary 
drainage.  
Methodology used: 
Porous plate method was conducted for displacement experiments on water-wet sandstones to measure 
the capillary trapping of oil by waterflooding as a function of its saturation after primary drainage. 
Experiments were conducted at ambient conditions inside an air bath at 343K (70
o
c) with a back-pressure 
of 9MPa. 
Conclusion reached: 
Laboratory measurements of residual non-wetting phase saturation presented as a function of initial 
saturation in water-wet sandstones showed that the residual saturation increased monotonically but with 
decreasing gradient, with initial saturation. 
Comments: 
Capillary trapping may be an effective way to store substantial quantities of CO2 in aquifers, as a result of 
residual saturations measured in present study being higher than in previous displacement experiments.   
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American Chemical Society Energy and Fuels Journal (2010) 
Dynamic Laboratory Wettability Alteration 
 
Authors: M.A. FernØ, M. Torsvik, S. Haugland, and A. Graue. 
 
Contribution to the understanding of combining static and dynamic aging methods with wettability 
alteration agents in originally water-wet system. 
Experimented on wettability alteration for strongly water-wet, outcrop chalk core plugs, using a 
combination of static and dynamic aging methods. 
 
Objective of the paper: 
To compare dynamic aging to static aging with similar aging times, and determine if there exists and 
optimal injection rate with the greatest change in wettability during wettability alteration. 
 
Methodology used: 
Used static aging to establish initial water saturation via injecting oil at a constant rate (oil-flooding), 
producing high differential pressure Used dynamic aging, to establish irreducible water saturation by 
crude oil injection at a high differential pressure. Used decane, as the oil phase, for all imbibition 
experiments to avoid further aging by the crude oil and to improve the reproducibility. 
 
Conclusion reached: 
1. Established wettability condition was highly sensitive to the method used during aging, and static 
aging in a limited amount of crude was less effective than dynamic aging i.e. continuous flooding of 
crude oil. 
2. At a constant aging time, an optimal crude oil injection rate exists that alters the wettability most 
efficiently with respect to pore volumes injected and obtained wetting preference.  
 
Comment 
This study highlighted the significance of different aging times on wettability alteration.  
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XVIII International Conference on Water Resources CMWR (2010) 
Prediction of Residual Oil Saturation in Mixed-Wet Networks Using Accurate Pore Shape Descriptors 
 
Authors: K.S. Sorbie, A.V. Ryazanov, and M.I.J. van Dijke. 
 
Contribution to the understanding of predicting residual oil saturation in mixed-wet networks. 
Introduced a new model of oil trapping in systems of arbitrary wettability by incorporating the correct 
physiscs of oil layer existence and collapse. Thus, improving understanding of how residual oil is formed 
and how non-aqueous phase liquids become immobilized.  
 
Objective of the paper: 
To analyse the effect of pore shape characterization on residual oil saturation behaviour.  
 
Methodology used: 
Used of newly developed two-phase pore network model, incorporating geometric and topological 
features linked to characteristic properties derived from original sample to simulate built models extracted 
from micro-computer 3D tomography image. 
 
Conclusion reached: 
Residual oil saturation decreases with increasing average contact angle with a more rapid decline for the 
higher oil-wet fraction values and also decreases with increasing oil-wet fraction. 
 
Comment: 
Immobilization of non-aqueous phase fluids is similar to oil trapping during waterflooding in oil 
reservoirs. 
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SCA 2011 -37 (2011) 
The Structure of Residual Oil as a Function of Wettability Alteration Using Pore-Scale Network 
Modelling 
 
Authors: K.S. Sorbie, A.V. Ryazanov, and M.I.J. van Dijke. 
 
Contribution to the understanding of residual oil structure as a function of wettability alteration using 
pore-scale network modelling. 
Provides insight on the qualitative trends in the structure of residual oil that are predicted as a function of 
wettability. In this paper, pore-scale network modelling application of waterflood to make some semi-
quantitative predictions of the structure of residual oil in pore systems of mixed wettability. 
 
Objective of the paper: 
To incorporate the visualisation of the 3D structure of this residual oil, and a statistical analysis of this 
“residual/remaining” oil under a wide range of wettability conditions during computation of residual oil 
for mixed-wet and oil-wet sandstones. 
 
Methodology used: 
Modelling the two phase flooding cycle from primary drainage to initial water saturation followed by 
“ageing” (to alter wettability to some specified state) and the subsequent imbibition, to attain a value for 
“residual oil”, Sor. 
 
Conclusions reached: 
1. We find that for more water-wet systems high final residual oil saturations are reached at 
relatively small amounts of water injected and this oil is present in the pores as bulk oil. On the 
other hand, for more oil-wet systems we find a slow decrease of the amount of remaining oil with 
increasing amounts of injected water.  
2. The final residual oil saturation, only reached in the theoretical limit of an infinite amount of 
injected water, is almost entirely contained in large number of (relatively low volume) oil layers, 
which are present in pores of most radius sizes. 
Comments: 
In this paper, pore-scale network modelling application of waterflood to make some semi-quantitative 
predictions of the structure of residual oil in pore systems of mixed wettability. 
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Water Resources Research VOL. 48; W08525 (2012) 
Capillary trapping in sandstones and carbonates: Dependence on pore structure. 
 
Authors: Y. Tanino, and M.J. Blunt. 
 
Contribution to the understanding of pore structure influence on capillary trapping in sandstones and 
carbonates. 
This study focused on residual state established by waterflooding at low capillary number from minimum 
water saturation achieved using the porous plate technique which yields the maximum residual under 
strongly water-wet conditions.  
 
Objective of the paper: 
To investigate the effect of pore structure on capillary trapping from spontaneous imbibition and core 
flooding experiments. 
 
Methodology used: 
Laboratory experiments were conducted on combination of limestones and sandstones at ambient 
temperature and pressure to measure the non-wetting phase saturation and permeability to brine at steady 
state achieved during waterflooding. 
 
Conclusion reached: 
1. Residual saturation decreases with increasing porosity, with no apparent difference in magnitude 
between the limestones and sandstones at a given porosity 
2. Residual saturation broadly decreases as conditions become less favourable for snap-off, i.e., with 
decreasing pore aspect ratio and increasing coordination number. 
3. The measured residual saturations imply that capillary trapping may be an effective mechanism 
for storing carbon dioxide in both sandstones and carbonates provided that the systems are 
strongly water-wet. 
Comment: 
Differences in the complexity of pore structure between limestones and sandstones do no yet significant 
difference in the functional dependence of residual saturation within the conditions considered in this 
paper. 
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SCA 2013- 050 (2013) 
Measurements of remaining oil saturation in mixed-wet carbonates.  
 
Authors: N. Al-Ansi, and M.J. Blunt. 
 
Contribution to the understanding of measuring remaining oil saturation in mixed-wet carbonates. 
This study presented the basis for study of waterflood recovery in carbonates, combining a reproducible 
and instant method for ambient-condition wettability alteration. 
 
Objective of the paper: 
To alter the wettability state of aged selected carbonate cores in a controlled way and reproducible 
manner to a mixed-wet state. 
 
Methodology used: 
Used Ketton, Estaillades, and Portland carbonate rocks for core flooding and spontaneous imbibition, 
experimental processes to understand capillary trapping in mixed-wet and water-wet conditions.  
 
Conclusion reached: 
 
Significant recovery is observed by spontaneous imbibition with water-wet rocks, with less imbibition, 
but continued recovery with brine injection in samples of altered wettability which was expected.  
 
Comments: 
Experimental study of capillary trapping under both mixed-wet and water-wet conditions is presented for 
three different carbonate rock types (Ketton, Estaillades, and Portland). 
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Water Resources Research VOL. 49; 4311- 4319 (2013) 
Laboratory investigation of capillary trapping under mixed-wet conditions.  
 
Authors: Y. Tanino, and M.J. Blunt. 
 
Contribution to the understanding of investigation of capillary trapping under mixed-wet conditions. 
This study covered wettability impact on capillary trapping by measuring the remaining oil saturation 
established by waterflooding in the same rock under uniformly water-wet and under mixed-wet 
conditions. 
 
Objective of the paper: 
To investigate capillary trapping from laboratory measurements of remaining non-wetting phase 
saturation in Indiana limestone in its original, water-wet state under mixed-wet conditions. 
 
Methodology used: 
The porous plate technique was used to establish initial oil saturations ranging from Snwi = 0.23 to 0.93 
under capillary-dominated conditions for 10 cylindrical rock samples of varying dimensions. For water-
wet conditions, the residual oil saturation increased linearly with its initial saturation. 
 
Conclusion reached: 
Under water-wet conditions, the residual oil saturation increased linearly with its initial saturation while 
under mixed-wet conditions, the remaining oil saturation displayed a non-monotonic profile described 
accurately by a concave-up quadratic function. 
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APPENDIX B – Mixed-wet scenario experimental results. 
Table B 1–Water-Index and Oil Index Mixed-Wet Scenario Results; Properties of core samples; Results from spontaneous imbibition and coreflooding 
processes 
Brine 
Density 
(cp) 
n-decane 
Density 
(cp) 
Reagent Used  
Hassler 
Cell 
Number 
Oil Volume after 
spontaneous 
Imbibition (Vosp) 
Oil Saturation 
after Spontaneus 
Imbibition (Sosi) 
Oil Volume 
water flooding 
(Vowf) 
Remaining 
Oil Satruation 
(ROS) 
Water Volume after 
spontaneous 
Imbibition (Vwsp) 
Water Saturation 
after Spontaneous 
Imbibition (Swsi) 
Irreducible 
Water Saturation 
(Swc) 
1.0408 0.729 
Cyclohexanepropioni
c Acid 
1 0.00 0.58 3.70 0.43 0.00 0.42 0.42 
1.0408 0.729 2 0.00 0.51 3.70 0.37 0.00 0.49 0.49 
1.0408 0.729 Cyclohexanecarboxyli
c Acid 
2 2.10 0.48 1.90 0.40 0.00 0.52 0.43 
1.0408 0.729 2 2.20 0.21 0.70 0.18 0.00 0.79 0.69 
1.0408 0.729 Cyclohexanebutyric 
Acid 
2 0.10 0.35 4.40 0.18 0.00 0.65 0.65 
1.0408 0.729 1 0.10 0.43 4.20 0.25 0.00 0.59 0.56 
1.0408 0.729 Cyclohexanepentanoi
c Acid 
2 0.00 0.47 5.60 0.26 0.00 0.53 0.53 
1.0408 0.729 1 0.00 0.57 4.10 0.40 0.00 0.43 0.43 
 
 
Core Label Primary Drainage (g) 
Spontaneous 
Imbibition (g) 
WaterFlooding of 
Core (g) 
Actual Oil Volume 
after Drainage (ML) 
Dry Weight 
(g) 
Length (cm) 
Diameter 
(cm) 
Radius (cm) 
Porosity 
Pore Volume 
(cm3) 
Soi (Volume) 
  
EST 101 180.94 182.74 184.6 13.97 164.37 7.62 3.78 1.89 27.95 23.93 0.58 
EST 102 176.62 178.64 179.7 13.30 157.75 7.62 3.77 1.89 30.81 26.28 0.51 
EST 103 181.97 185.15 186.75 13.30 166.13 7.63 3.78 1.89 27.36 23.42 0.57 
EST 104 184.23 186.89 188.09 7.00 168.75 7.63 3.78 1.89 26.10 22.36 0.31 
EST 105 175.38 177.2 179.44 9.30 156.46 7.64 3.77 1.89 31.08 26.55 0.35 
EST 106 185.39 186.63 188.24 9.97 168.21 7.64 3.78 1.89 26.64 22.85 0.44 
EST 107 179.54 180.08 182.4 12.30 158.03 7.63 3.77 1.89 30.47 25.99 0.47 
EST 108 183.21 183.28 184.93 13.97 162.74 7.63 3.78 1.89 28.75 24.64 0.57 
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Table B 2– Results from mixed-wet scenario Amott-oil index and Amott-water index 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX C – Cumulative spontaneous and coreflooding results. 
 
Table C 1 – Water index results  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Volume 
water after 
oil injection 
Oil Saturation 
after 
spontaneous 
imbibition 
Oil 
Saturation 
after oil 
injection  
Amott 
Water 
(Iw) 
Amott 
Oil (Io) 
5.50 0.43 0.66 0.00 0.00 
5.00 0.37 0.56 0.00 0.00 
5.00 0.40 0.62 0.53 0.00 
4.50 0.18 0.39 0.76 0.00 
4.00 0.18 0.34 0.02 0.00 
4.00 0.25 0.43 0.02 0.00 
6.00 0.26 0.49 0.00 0.00 
5.00 0.40 0.60 0.00 0.00 
  
Water index 
EST 101 EST 102 EST 103 EST 104 EST 105 EST 106 EST 107 EST 108 
  
Spontaneous 
Imbibition 
Volume of Oil 
(ml) 
0.00 0.00 2.10 2.20 0.10 0.10 0.00 0.00 
Spontaneous 
Imbibition 
Mass (g) 
182.74 178.64 185.15 186.89 177.20 186.63 180.08 183.28 
Core Flooding 
Mass (g) 
184.60 179.70 186.75 189.09 179.44 188.24 182.40 184.93 
1st PV  
water (ml) 
3.00 4.50 1.50 0.50 2.40 2.50 5.50 4.00 
2nd PV water 
(ml) 
0.50 0.50 0.20 0.00 0.80 0.50 0.50 0.10 
3rd PV  
water (ml) 
0.20 0.20 0.20 0.20 0.50 0.50 0.10 0.00 
4th PV 
 water (ml) 
0.00 0.00 0.00 0.00 0.50 0.50 0.00 0.00 
5th PV  
water (ml) 
0.00 0.00 0.00 0.00 0.20 0.20 0.00 0.00 
  
Cyclohexanepropionic 
Acid 
Cyclohexanecarboxylic 
Acid 
Cyclohexanebutyric 
Acid 
Cyclohexanepentanoic 
Acid 
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Table C 2– Water index results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Oil index 
EST 101 EST 102 EST 103 EST 104 EST 105 EST 106 EST 107 EST 108 
  
Spontaneous 
Imbibition 
Volume of 
Water (ml) 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Spontaneous 
Imbibition Mass 
(g) 
185.27 180.45 185.96 188.1 180.34 189.05 182.19 184.88 
Core Flooding 
Mass (g) 
183.29 179.15 186.17 187.49 179.58 187.12 181.01 184.3 
1st PV  
water (ml) 
5.00 4.50 4.00 4.50 4.00 4.00 5.50 4.50 
2nd PV water 
(ml) 
0.50 0.50 1.00 0.00 0 0.00 0.50 0.50 
  
Cyclohexanepropionic 
Acid 
Cyclohexanecarboxylic 
Acid 
Cyclohexanebutyric 
Acid 
Cyclohexanepentanoic 
Acid 
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Table C 3– Characteristic properties of rock core samples 
 
Sample n° Length mm Weight (dry) g Diameter mm Porosity gd Kg (mD) 
EST 101 76.24 164.587 37.81 27.95 2.695 181.861 
EST 102 76.24 157.75 37.74 30.81 2.692 178.057 
EST 103 76.28 161.15 37.8 27.36 2.612 162.484 
EST 104 76.26 168.917 37.82 26.1 2.695 134.467 
EST 105 76.37 156.681 37.74 31.08 2.694 162.484 
EST 106 76.43 168.403 37.8 26.64 2.71 172.741 
EST 107 76.26 158.21 37.74 30.47 2.865 185.601 
EST 108 76.32 162.865 37.81 28.75 2.709 194.173 
EST 109 76.27 167.623 37.81 26.67 2.705 173.791 
EST 110 76.32 170.377 37.89 25.98 2.704 160.091 
EST 111 76.3 163.897 37.8 28.18 2.694 182.538 
EST 112 76.27 164.531 37.91 28.28 2.707 150.758 
EST 113 76.27 161.89 37.95 28.58 2.697 153.034 
EST 114 76.3 160.216 37.54 29.47 2.922 219.12 
EST 115 76.23 161.151 37.76 29.04 2.696 157.175 
EST 116 76.19 165.4 37.74 27.39 2.699 170.996 
EST 117 76.39 160.26 37.68 29.71 3.082 300.25 
EST 118 76.27 160.938 37.85 29.77 3.086 244.476 
Average 76.284375 163.353 37.79125 28.296875 2.7185 171.210688 
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Table C 4– Characteristic properties of rock core samples 
 
1/p1 K1 1/p2 K2 1/p3 K3 1/p4 K4 1/p5 K5 Average Ki 
685.40 195.52 498.70 193.71 417.30 193.23 332.50 192.14 244.40 189.88 192.89 
751.60 181.70 488.60 181.26 410.30 181.20 327.60 180.79 241.10 180.02 180.99 
594.70 181.52 444.60 179.93 377.70 179.74 305.50 179.37 254.70 178.78 179.87 
550.60 133.88 452.90 133.43 353.50 132.92 306.90 132.71 228.70 131.96 132.98 
523.60 160.84 399.40 159.88 343.00 159.43 282.10 158.80 225.20 158.50 159.49 
591.60 172.02 442.10 170.33 348.50 169.43 285.00 169.03 216.00 167.65 169.69 
602.10 185.58 449.20 183.92 381.00 182.83 288.50 180.53 229.80 180.24 182.62 
547.90 191.80 414.20 190.85 331.80 189.70 272.40 188.88 231.30 188.53 189.95 
592.40 173.08 406.70 170.93 324.70 170.11 284.80 169.54 215.90 168.66 170.46 
579.80 158.97 398.70 157.22 319.20 156.62 280.40 156.32 224.00 155.59 156.94 
610.40 186.26 453.70 184.27 384.20 183.51 309.90 182.97 219.40 181.46 183.69 
737.70 150.78 520.00 149.21 519.70 149.20 366.60 148.43 317.20 158.09 151.14 
520.50 152.08 431.50 151.65 431.80 151.65 340.90 151.38 278.90 150.39 151.43 
700.70 220.34 561.40 219.63 363.70 219.85 306.20 218.60 263.10 218.60 219.41 
576.60 157.25 432.30 156.40 341.60 155.67 263.50 154.98 223.60 154.40 155.74 
660.80 170.46 440.90 169.72 323.90 169.23 252.60 168.76 215.60 168.36 169.31 
3427.60 292.53 1663.40 292.53 807.30 232.31 627.70 228.69 585.40 227.08 254.63 
3592.40 275.34 1561.20 235.82 849.00 221.40 595.30 215.24 575.50 215.48 232.66 
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APPENDIX D – Cumulative Water-index Experimental Results from Mixed Wet Rocks Scenario 
 
Table D 1– Reagent: Cyclohexanepropionic Acid EST 101 
 
Oil Pore 
Volume 
EST 101  
(Cell 1)  
Oil drainage 
Volume (ml)  
PV (ml) 
Cumulative  
Volume (ml)  
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 3.00 13.97 23.93 3.00 0.58 0.00 0.46 
2 0.50 13.97 23.93 3.50 0.58 0.00 0.44 
3 0.20 13.97 23.93 3.70 0.58 0.00 0.43 
4 0.00 13.97 23.93 3.70 0.58 0.00 0.43 
5 0.00 13.97 23.93 3.70 0.58 0.00 0.43 
 
Table D 2– Reagent: Cyclohexanepropionic Acid EST 102 
 
Oil Pore 
Volume 
EST 102  
(Cell 2) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml)  
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 3.00 13.30 26.28 3.00 0.51 0.00 0.39 
2 0.50 13.30 26.28 3.50 0.51 0.00 0.37 
3 0.20 13.30 26.28 3.70 0.51 0.00 0.37 
4 0.00 13.30 26.28 3.70 0.51 0.00 0.37 
5 0.00 13.30 26.28 3.70 0.51 0.00 0.37 
 
 
Table D 3 –Reagent: Cyclohexanecarboxylic Acid EST 103 
Oil Pore 
Volume 
EST 103 
(Cell 1) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 1.50 13.30 23.42 1.50 0.57 2.10 0.41 
2 0.20 13.30 23.42 1.70 0.57 2.10 0.41 
3 0.20 13.30 23.42 1.90 0.57 2.10 0.40 
4 0.00 13.30 23.42 1.90 0.57 2.10 0.40 
5 0.00 13.30 23.42 1.90 0.57 2.10 0.40 
 
Table D 4– Reagent: Cyclohexanecarboxylic Acid EST 104 
 
Oil Pore 
Volume 
EST 104 
(Cell 2) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation 
(Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
0.50 7.00 22.36 0.50 0.31 2.20 0.19 
2 
0.00 7.00 22.36 0.50 0.31 2.20 0.19 
3 
0.20 7.00 22.36 0.70 0.31 2.20 0.18 
4 
0.00 7.00 22.36 0.70 0.31 2.20 0.18 
5 
0.00 7.00 22.36 0.70 0.31 2.20 0.18 
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Table D 5– Reagent: Cyclohexanebutyric Acid EST 105 
 
Oil Pore 
Volume 
EST 105 
 (Cell 1) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
2.40 9.30 26.55 2.40 0.35 0.10 0.26 
2 
0.80 9.30 26.55 3.20 0.35 0.10 0.23 
3 
0.50 9.30 26.55 3.70 0.35 0.10 0.21 
4 
0.50 9.30 26.55 4.20 0.35 0.10 0.19 
5 
0.20 9.30 26.55 4.40 0.35 0.10 0.18 
 
Table D 6– Reagent: Cyclohexanebutyric Acid EST 106 
 
Oil Pore 
Volume 
EST 106 
 (Cell 2) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
2.50 9.97 22.85 2.50 0.44 0.10 0.32 
2 
0.50 9.97 22.85 3.00 0.44 0.10 0.30 
3 
0.50 9.97 22.85 3.50 0.44 0.10 0.28 
4 
0.50 9.97 22.85 4.00 0.44 0.10 0.26 
5 
0.20 9.97 22.85 4.20 0.44 0.10 0.25 
 
Table D 7– Reagent: Cyclohexanepentanoic Acid EST 107 
 
Oil Pore 
Volume 
EST 107  
(Cell 1)  
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
5.00 12.30 25.99 5.00 0.47 0.00 0.28 
2 
0.50 12.30 25.99 5.50 0.47 0.00 0.26 
3 
0.10 12.30 25.99 5.60 0.47 0.00 0.26 
4 
0.00 12.30 25.99 5.60 0.47 0.00 0.26 
5 
0.00 12.30 25.99 5.60 0.47 0.00 0.26 
 
Table D 8– Reagent: Cyclohexanepentanoic Acid EST 108 
 
Oil Pore 
Volume 
EST 108 
 (Cell 2) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation 
(Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
4.00 13.97 24.64 4.00 0.57 0.00 0.40 
2 
0.10 13.97 24.64 4.10 0.57 0.00 0.40 
3 
0.00 13.97 24.64 4.10 0.57 0.00 0.40 
4 
0.00 13.97 24.64 4.10 0.57 0.00 0.40 
5 
0.00 13.97 24.64 4.10 0.57 0.00 0.40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Capillary Trapping in Carbonate Cores Aged in Organic Acids                                                                                                                               35 
 
 
APPENDIX E – Cumulative Water-index Experimental Results from Mixed Wet Rocks Scenario 
 
Table E 1– Reagent: Cyclohexanepropionic Acid EST 101 
 
Oil Pore 
Volume 
EST 101  
(Cell 1)  
Oil drainage 
Volume (ml)  
PV (ml) 
Cumulative  
Volume (ml)  
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 5.00 13.97 23.93 5.00 0.58 0.00 0.37 
2 0.50 13.97 23.93 5.50 0.58 0.00 0.35 
3 0.00 13.97 23.93 5.50 0.58 0.00 0.35 
4 0.00 13.97 23.93 5.50 0.58 0.00 0.35 
 
Table E 2– Reagent: Cyclohexanepropionic Acid EST 102 
 
Oil Pore 
Volume 
EST 102  
(Cell 2) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml)  
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 4.00 13.30 26.28 4.00 0.51 0.00 0.35 
2 0.50 13.30 26.28 4.50 0.51 0.00 0.33 
3 0.00 13.30 26.28 4.50 0.51 0.00 0.33 
4 0.00 13.30 26.28 4.50 0.51 0.00 0.33 
 
 
Table E 3–Reagent: Cyclohexanecarboxylic Acid EST 103 
Oil Pore 
Volume 
EST 103 
(Cell 1) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 4.00 13.30 23.42 4.00 0.57 2.10 0.30 
2 1.00 13.30 23.42 5.00 0.57 2.10 0.26 
3 0.00 13.30 23.42 5.00 0.57 2.10 0.26 
4 0.00 13.30 23.42 5.00 0.57 2.10 0.26 
 
Table E 4–Reagent: Cyclohexanecarboxylic Acid EST 104 
 
Oil Pore 
Volume 
EST 104 
(Cell 2) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation 
(Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
4.50 7.00 22.36 4.50 0.31 2.20 0.13 
2 
0.00 7.00 22.36 4.50 0.31 2.20 0.13 
3 
0.00 7.00 22.36 4.50 0.31 2.20 0.13 
4 
0.00 7.00 22.36 4.50 0.31 2.20 0.13 
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Table E 5– Reagent: Cyclohexanebutyric Acid EST 105 
 
Oil Pore 
Volume 
EST 105 
 (Cell 1) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
4.00 9.30 26.55 4.00 0.35 0.10 0.20 
2 
0.00 9.30 26.55 4.00 0.35 0.10 0.20 
3 
0.00 9.30 26.55 4.00 0.35 0.10 0.20 
4 
0.00 9.30 26.55 4.00 0.35 0.10 0.20 
 
Table E 6– Reagent: Cyclohexanebutyric Acid EST 106 
 
Oil Pore 
Volume 
EST 106 
 (Cell 2) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
4.00 9.97 22.85 4.00 0.44 0.10 0.26 
2 
0.00 9.97 22.85 4.00 0.44 0.10 0.26 
3 
0.00 9.97 22.85 4.00 0.44 0.10 0.26 
4 
0.00 9.97 22.85 4.00 0.44 0.10 0.26 
 
 
Table E 7– Reagent: Cyclohexanepentanoic Acid EST 107 
 
Oil Pore 
Volume 
EST 107  
(Cell 1)  
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation (Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
5.00 12.30 25.99 5.00 0.47 0.00 0.28 
2 
0.50 12.30 25.99 5.50 0.47 0.00 0.26 
3 
0.00 12.30 25.99 5.50 0.47 0.00 0.26 
4 
0.00 12.30 25.99 5.50 0.47 0.00 0.26 
 
 
 
 
Table E 8– Reagent: Cyclohexanepentanoic Acid EST 108 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Oil Pore 
Volume 
EST 108 
 (Cell 2) 
Oil drainage 
Volume (ml) 
PV (ml) 
Cumulative 
Volume (ml) 
Initial Oil 
Saturation 
(Soi) 
Spontaneous  
Imbibition 
Volume (ml) 
Residual Oil 
Saturation (Sor) 
1 
4.50 13.97 24.64 4.50 0.57 0.00 0.36 
2 
0.50 13.97 24.64 5.00 0.57 0.00 0.36 
3 
0.00 13.97 24.64 5.00 0.57 0.00 0.36 
4 
0.00 13.97 24.64 5.00 0.57 0.00 0.36 
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APPENDIX F – Water-wet scenario experimental results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Core 
Label 
Primary Drainage 
(g) 
Spontaneous 
Imbibition (g) 
WaterFlooding 
Core (g) 
Actual Pore 
Volume (ML) 
Dry Weight 
(g) 
Length 
(cm) 
Diameter 
(cm) 
Radius 
(cm) 
Porosity 
Pore 
Volume 
(cm3) 
Soi 
(Volume) 
  
EST109 183.83 186.04 188.23 15.5 167.53 7.627 3.781 1.8905 26.67 22.839153 0.67865914 
E118 180.72 182.49 182.11 13.345 160.938 7.627 3.785 1.8925 29.77 25.547842 0.52235331 
Brine 
Density (cp) 
n-decane 
Density (cp) 
Reagent 
Cell 
Number 
Oil Volume after 
spontaneous 
Imbibition (Vosp) 
Oil Saturation after 
Spontaneous 
Imbibition (Sosi) 
Oil Volume 
water flooding 
(Vowf) 
Residual Oil 
Saturation 
(Sor) 
Water Volume after 
spontaneous 
Imbibition (Vwsp) 
Water Saturation 
after Spontaneous 
Imbibition (Swsi) 
Irreducible Water 
Saturation (Swc) 
1.0408 0.729 
N-
decane 
3 2.2 0.582333323 0.5 0.560441093 0 0.417666677 0.321340864 
1.0408 0.729 3 3 0.404926561 2 0.326642064 0 0.595073439 0.477646694 
Volume water after 
oil injection 
Oil Saturation after 
spontaneous 
imbibition 
Oil Saturation after 
oil injection  
Amott 
Water (Iw) 
Amott Oil 
(Io) 
5 0.560441093 0.779363395 0.814815 0 
4.5 0.326642064 0.502782182 0.6 0 
